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INTRODUCTION

Economic and social development of a country is entirely dependent
upon the achievement of increased agricultural production. This often
requires the opening of additional Tands to agriculture through new irri-
gation projects. For irrigation of land, one needs water.

In the past, proper management and control of water was not always
emphasized, as it was thought that there was plenty of water for various
kinds of development; however, water suppliies available for human use
through agricultural production processes are limited in quantity. The
amount of fresh water available on the earth's surface has not changed
measurably in the past and will not change significantly in the future.

On the other hand, irrigation has become increasingly essential and will
continue to be so for purposes of feeding the rapidiy expanding population
of the world.

Planners and managers need information on water demands for the man-
agement and operation of presently irrigated lands, and also for planning
the future water needs of anticipated new jrrigated lands.

The overall purpose of this report is to highlight types of approaches
in estimating present agricultural water use and in estimating future water
requirements that can be utilized by engineers and planners to increase food
and fiber production for the benefit of the ever-increasing population. The
more specific objectives are: (a) to identify some of the major types of
agricultural water demand projection models which have been developed, {(b)
to highlight the major features of these currently available models (includ-

ing data requirements and types of output), and (c) to present detailed



discussions of some of these models which reflect the current state-of-the-
art of agricultural water demand projection techniques.

It is hoped that by the end of this session, you, as participants,
will be able to choose one model among those presented here which will

apply to your line of work.



AGRICULTURAL WATER DEMAND MODELS

Basically, the function of all agricultural water demand models is to
estimate the inches of supplemental water needed per acre of irrigated land.
The Titerature on this subject is vast. There are, for example, at Teast
eleven different methods for estimating potential evapotranspiration; at
least forty different and significant journal articles published (in the
United States) on items quantifying the crop yield-water relationship.

Thus, a good deal of judgment is necessary to select representative articles
and models. A1l of the models, however, try in some form or other to incor-

porate part or all of the following functional relationship:

Inches of supplemental water required/acre of land =
{ (soil - water - plant relationships, socig-economic -

institutional - political environment [human interaction]) (1)

A11 the agricultural water demand models can be classified on the basis
of whether they are at the (a) plant-field, (b) farm-firm, (c) multi farm-
county-state, or {d) river basin-regional-national level. Needless to say,
the field level model can be aggregated to the farm-firm Tevel and possibly
even to Targer aggregates, given-appropriate multiplier-and aggregation
techniques.

The spatial dimension (area) is a key property of agricultural water
demand models; however, consideration in the model has to be given also to
temporal (time), socio-economic, statistical properties and the climatic/
soil/crop factors.

Temporal Characteristics

The time features of each model can be separated as {a) short run,

{b) long run, (c) static, (d) dynamic, etc.



Socio-Economic Factors

These factors reflect involvement of the human element in {a) prices
and/or costs of water, (b) fertilizer costs, (c) prices of products, (d)
technological changes - new type of crop or new water control measures
reducing water demand, etc., (e) behavioral features - farm managers trying
to maximize their yield, and (f) institutional features -~ District encour-
ages water conservation through such modes as irrigating during low evap-
orative demand periods (as at night}.

Statistical Properties

This feature relates to the degree to which random events have been
incorporated in the modeling process as (a) stochastic - uncertainty and
random events influencing the effect of demand. Given a particular water
demand projection there will be an associated variance of that estimate;
and (b} deterministic - no random error and demand projection exhibit no
variance properties and particular levels are known with certainty.

Climatic-S0il1-Crop Features

This category includes all those physical features of the environment
that affect the amount of water used in an agricultural field situation.
These variables are essentially proxies for the complex phenomena that
are involved in an actual field, as follows:

Temperature or Heat Budget - The mean daily (or monthly) temperatures

are used in several models. The heat budget notion depends on an
understanding of the relationships among radiation, actual duration
of sunshine, maximum possible duration of sunshine, vapor pressure

in the air, vapor pressure at mean air temperature, and several other

variables (Israelsen & Hansen, p. 241).



Length o6f Growing Season - This variable will, for varijous reasons,

affect the consumptive use of the crops.

Precipitation - This is a stochastic variable which is difficult to

predict, but most assuredly affects the water demand from ground and/

or surface sources. This effect is through influence on the air/envir-
onment surrounding plants, as well as having an effect on sofl water
availability. _

Soil Character or Moisture Holding Capa¢ity - The water holding capacity

of the s0il is a key variable in determining consumptive use. Soil
texture and structure are especially important as these forces give
rise to "capillary phenomena". These affect the flow or movement of
water in soils and the availability of water on plant growth.

Humidity and/or Wind Conditions - This is simply another weather factor

which affects evaporation and general conditions of the crop.

Sunlight, Solar Radiatijon - An energy source, of course, is necessary

to drive the entire plant growth process. The amount of solar radi-
ation will vary across latitudes of the planet and will affect the
amount of water used.

Specific Crop Features - The root system and leaf area of the plant

in question will affect the amount of water used. Also, different
crops are at different stages of growth at different times of the
year. In addition, plants will use varying amounts of water through
their growth process, with the highest consumptive use relative to
the potential occurring somewhere during the flowering stage (Israel-
sen and Hansen, p. 257).

Evaporation or Potential Evapotranspiration - This factor is a

function of many of the soil/climatic/crop factors mentioned above.



It really measures, as a proxy varjable, the overall influence of
these elements. It is included here because many of the yield
models rely on measurements of relative evapotranspiration, where
either evaporation or potential evapotranspiration serves as the

denominator of the ratio.

A 1isting of the models by major categories, using the foregoing
classification system, is presented in Table 1. Tables 2-6 are used to
detail the specifics of some of the models.

Overall and Major Features of a Few Selected
Agricultural Water Demand Models

Nearly all models reviewed are short run, static models with determin-
istic statistical properties (Table 1). Another overall feature applicable
to the entire set of models is that some tend to emphasize the socio-
economic factors and others, not usually the same ones, emphasize the clim-
atic-soil-crop factors (Table 1). If, in fact, water demand is affected by
behavioral, social, political, and/or institutional elements as well as
temperature, precipitation, soil factors, and crop features, then the "best"
models from the set shown in Table 1 are probably the ones having the most
of these features inciuded. On this ground, it appears that the Mapp-Eidman
model is probably the most appropriate over the entire set, followed very
closely by the Utah, North Carolina, and CARD models (Table 1).

The plant-growth type of model, if modified to include socio-economic
factors as well, probably shows the most promise for the future with
respect to incorporating all different factors into the demand projection
process. The Mapp-Eidman model does incorporate many features of the plant-
growth simulation approach. These types of detailed models are also the

most expensive and difficult to develop.



Table 1. Major Features of Agricultural Water Demand- Models?

Temporal Statistical . .
Characteristics Socio-Ecopemic Factors Properties Climatic-S¢i1-Crop Factors
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Plant-field level
models:
Blaney-Criddle X X X X X X X
Hargreaves X X X X X X X X X
Hexem-Heady X X 3 X X X X X X X X
Hogg, et al. X X X X X X X X X
Minhas, et al. X X X X X X X X
Enerqy Balance X X X X X X X A
b [ b b yb b b b
Plant Growth X % X X X X xb oxb oxb ¥ X X
Thorntwaite X X X X X X
Farm-firm Tevel
models:
Mapp~E1idman LS { X X X X X X X X€ xc Xt xt x¢  xc Xe X<
Moore-Hedges £ X X X X X X X X
County-multi-
county-river
{ar_sub] basin-
state models
Input-output X X X X X X X
Kansas X X X X X X X X X X
Lowry-Johnson X X X X X
New Mexico X X X X X X X X X X X
North Carolina X X X X X X X X X X X
Pecos Basin X X X X X X X X X
Pennsylvania X X X X X X X X X X X
Sonnen-Evensen-
Morgan X X X X X X
Texas High Plains X X X X X X X X X
Utah X X X X X X X bt X X X X X X X
River basin-
regional-national
moge 5
CARD X X X bt X X X X X X X X X X X
Ruttan X X X X X

ABTanks sometimes mean the information was not available.

were considered explicitly in the model,

See the text for elaboration.

An "X" means these elements, factors

bThe plant arowth models require detailed information on haw the photosynthetic-respiration rate is affected by climate, soil,
and plant features.

CThe yield simulation oortion of this model is really a plant growth model, although not as detailed as the models discussed
briefly under the "Plant Growth" category.

See footnote 'a'.

dA1so Tncludes interactions among the various inputs of production (e.g., the fertilizer-water interaction effacts).
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Several models did include other input prices and/or the costs of
other inputs in the modeling effort. Only in the case of the Hexem-Heady
model, however, did the other input prices affect the water use. That is,
it can be hypothesized the demand for water may be affected by the prices
of substitutes for water including such things as fertilizer and other
inputs of production to the crop process. The Hexem-Heady study isolated
the effects of fertilizer in order to facilitate the direct consideration
of changing fertiTizer prices. The other studies tended to include the
costs of all other inputs under one category and not deal explicitly with
the substitutability prob1em.1 It appears modelers have yet to success-
fully deal with this dimension.

Another basic feature of nearly all the models was that technology
was generally assumed constant over the projection interval. The one
exception was the Kansas model, which allowed for changes in irrigation
efficiency over the longer run. An explanation for this invariance in
technology is that most models are short run in nature, in which case it
is logical to hold technology constant. Over longer run periods, however,
technology could have a significant impact on the quantity of water utilized.
This would be exemplified through variety changes and/or changes in the

cultural practices and/or changes in the irrigation system.

Lrhis is somewhat misleading with respect to the Texas High Plains Model.
The developers of that model did in fact allow energy prices to vary, and
they map the effect on water demand from rising energy prices. This is
essentially the same thing as raising the price of water and is not
necessarily dealing with the substitution phenomena at all. The CARD
model also allows for consideration of some input price changes and the
effect on water demand and use, but the full range of substitutionality
among input factors was not allowed in that modeling process either.

- 18



Specific Features of Agricultural
~ 'Demand Models

Some of the models are now discussed in more detail. Emphasis is on
explaining where the models are similar and where large differences exist,
using geographic-spatial differences as having a major influence.

Plant-field level models

The mathematical description of each model is the first item in each
of the Tables 2 - 6. A1l of the approaches have a few equations, all of
which require estimates of various parameters. Some of the more "physical
models" have parameters that have been fajrly well established by researchers
such as for the Blaney-Criddle model. Others require parameter estimation
for the site of concern such as in the Hexem-Heady models. This latter
feature is also descriptive for Hogg et al., and Minhas et al. models.

The most common feature is that all the models project water demands
for some land area, most generally an acre or hectare. Also, all the models
are short run and are usually concerned with estimating demand on an annual
crop year basis. Some are appropriate for growth stage (intraseasonal)
projection such as the Plant Growth type models. The water used during
growth stages can also be approximated using the Blaney-Criddle, Hargreaves,
Energy Balance, and Thorntwaite models. This is the case as most of these
models use a month during the growing seascn as the appropriate time period.
Thus, the various monthly periods can be appropriately aggregated given
some assumptions about the length of each stage of growth of the plant.

None of the plant-field level models included technological changes
and only two incorporated production process changes. Technological change
phenomena is of course not necessarily included when only very short run
periods are being examined. The production process changes, however,

probably should be included; but again, they are not important over real
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short time perjods. None of the models at this Tevel included institutional
features, and about half of them included behavioral features. The institu-
tional setting s also probably relatively fixed within a crop season, and
this would be appropriate.

The exclusion of behavioral features tends to reflect a notion that
man does not affect water use, an hypothesis that could be tested. In some
sense, however, the exclusion of the behavioral element s simply not
possible. Saijd somewhat djfferently, even the projection models which do
not specifically include man assume {implicitly) the goal of maximizing
yield per unit of Tand area. This is the case for the Blaney-Criddle,
Hargreaves, Energy Balance, and the Thorntwaite methods. The Plant Growth
simulation model could be developed to include the influence of the human
beings involved in irrigation processes as well as the features of the
plant and the soil-water relationship pertaining to a particular field.2

The type of output varies greatly among these plant-field Tevel
models. This is the case, primarily due to the role ascribed to, and the
objective function assumed for, the human factor. The Hexem-Heady, Hogg
et al., and Minhas et al., models, for example, all assumed that producers
will choose to maximize profit. As a result, it is likely the projections
for a particular area would be different than those from models where maxi-
mum yields are assumed. Of course this is an empirical question and it
cannot be answered in any general way. In all cases the total water demand
is presented for some intraseasonal and/or seasonal period, usually speci-

fied as inches or acre inches. Irrigation water requirements then depend

2This type of research is in progress at the University of Florida through
an interdisciplinary research group in the Institute of Food and Agricul-
tural Sciences.
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on precipitation received. Substantial variation in the degree of sophisti-
cation with respect to including climatic/soil/crop factors is the most
descriptive for this group of models. The Hexem-Heady models, for example,
attempt to quantify all the complexity of these factors by simply adding
the sum of available soi1l water to the precipitation plus the irrigation
water (Table 4). The Plant Growth models at the other extreme (Table 6)
include detailed structural relationships which explain how waters are
moved through the soil and the plant to affect growth. The Energy Balance
model, which is useful for estimating potential evapotranspiration, is also
very detailed with the theoretical conceptual relationships requiring a
large number of parameters as well as input data. The Hogg et al. and the
Minhas et al. models do incorporate some agronomic factors and may be a
good compromise between the two extremes for certain types of application.
Several of the models choose to summarize all of these factors within the
relative evapotranspiration ratio (Tables 3 and 4, and sometimes the plant
growth models as in Table 6).

Input data requirements vary extensively across these models. At one
extreme is the plant growth type of model which requires a high degree of
sophistication in the plant-engineering sciences in order for the model to
be developed, Also, if these models included socio-economic factors, they
would require the same degree of sophistication in the socio~economic
sciences. Models at the other extreme, while not necessarily technically
less sophisticated, require only secondary data sources. The Blaney-
Criddle, Hargreaves, and Thorntwaite models fit in this category. As
an example, only three pieces of information are needed for the Blaney-
Criddle model including temperature, the percent of annual daytime hours,

and the empirical crop coefficient (Table 2).
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The models which attempt to relate yleld to various proxies for the
water variable, such as the Hexem-Heady, Hogg et al. and Minhas et al.,
models, require data from experimental trials. These types of data would
generally have to be obtained from agricultural experiment stations and a
high degree of technical sophistication would be necessary to arrive at
the actual functions. Useful models of this type require successful
integration of knowledge from the crop-soil sciences, economics, and
statistics.

The major data sources for this category of models are the agricultural
experiment stations, state/federal weather services, and the crop and Tive-
stock reporting services. Utilization of such models will probably require
establishing contact and working relationships with scientists and per-
sonnel of these entities. Generally speaking, there has been 1ittle effort
made to develop computer program documentation and user's manuals. The only
known user's manual in this category is that available from the Soil Conser-
vation Service. This manual explains how to use the computer program which
implements the procedure in Technical Release 21.

‘Farm-Tirm level models

The mathematical description of these kinds of models is characterized
by the simulation approach used in the Mapp-Eidman model (Table:7). The
Mapp-Ejdman model uses a plant growth simulator as its basis. This simu-
lator generates the yield for varying Tlevels of water availability. Various
acreage combinations of the crops in this study area are inciuded. Also, a
particular type of farm manager is assumed, namely one that is "raticnal”
in the sense of seeking profits and/or minimizing the costs. The model is
actually used to examine the short and long term effects of a declining
water supply to a farm~firm. The price of water is increased over time
and compared with the results when less water {s available.
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The Moore and Hedges model3has the capability of examining demands
over Tonger time horizons (Table 1). This is a 1inear programming model
with the normative influence of the assumption that farm managers maximize
profits 1n dictating the optimal organization of a farm-firm. In this
model, not only crop types can vary, but also crop acreages; whereas in
the Mapp-Eidman model the crop acreage is an estimate of net farm income
as well as demand for irrigation water under different price assumptions.

Technology is not addressed in the model, even though long run pro-
jections are provided. This puts the model subject to question. Also,
the interaction effects between irrigation water and other inputs of pro-
duction are not explicitly considered in the model, thus making the
production process changes invariant over the time horizons considered.
Both models are deterministic. The Mapp-Eidman model is much more explicit
with respect to including the climatic-soil-crop factors. A1l of these
factors are implicit in the Moore and Hedoes model in that yield for dif-
ferent levels of water are included in the model. In fact, the Mapp-
Eidman model is very similar to the plant growth models discussed in the
previous group with respect to the inclusion of various structural rela-
tionships as regards the climate/soil/crop interaction features.

In terms of input requirements, the Mapp-Eidman model requires more

technical expertise in the development of the structure of the model. Also,

3A third type of mathematical model developed at the firm level but not
represented here is the regression type of model. A large amount of work
was accomplished by agricultural economists in the 1950's in the attempt
to develop production functions at the firm level using regression tech-
niques. These efforts were generally not successful, because of high
muTticollinearity among the independent variables. See Lynne (1977) as
an example of this type of approach.
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this model requires more actual data, at a detailed Tevel with respect to
how farm-firm managers might deal with particular types of changes in the
environment,

Data base sources are similar to those at the plant-~-field level. The
only difference lies in the level at which these models are developed to
function.

Linear programming models at the firm level require a high level of
expertise for development, but generally, they can be considered to be Tess
compTlicated than the simulation models for farm-firms. Said somewhat dif-
ferntly, a higher level of abstractions is usually incorporated in linear
programming models. Another major difference is that the linear program-
ming model allows for an optimization subroutine to be used. The actual
crop mix and water level usage for various price scenarios then are all
developed on the assumption that the farm-firm managers pursue some single
dimensional goal, such as to maximize profits. The Mapp-Eidman model can
examine the level of profitability only after the fact. That is, the
results of several "real year" conditions (or postulated conditions) are
simulated. The maximum profit level is then selected from all the model
results available to the user. None of the computer programs developed
for this category are documented. Also, user's manuals are not available.

County-multjcounty-river {or sub) basin-state models

The largest share of these are linear programming models with linear
objective functions and linear constraints. There are also some single
equation and simulation models and input-output models represented in this
category. Some have also been developed to predict water demand at this
level (See e.g., Howitt, Watson, and Adams, 1980). This model type is
identical in nature to the linear programming model except for the pro-

vision of the non-linear objective function. This allowance is made to
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facilitate evaluating the effects of variable farm commodity prices on
water demand.

The models in this category are as general as to predict the total
amount of water used for major economic sectors, such as in input-output
modeTing and the Kansas model (Table 8), which has the capability of
predicting water requirements for particular crops on particular soil types
over 61-day time periods. The Lowry-Johnson model, in turn, considers no
economic or socio-political factors, while the Pennsylvania, Texas High
Plains, Pecos Basin, and Utah models all incorporate a substantial amount
of this kind of influence. This type of output from all these models is
move aggregate in nature generally, giving the irrigation water demand
over at Teast the county Tevel of aggregation. The Kansas, New Mexico,
North Carolina, Pennsylvania, and Utah (Table 9) models all have the capa-
biTity of generating estimates of the irrigation water demand for each of
the respective states. Input-output models can also be developed at that
level of aggregation.

Input data requirements are quite extensive for most of the models.
Acreage bounds on the various crops are generally needed; some require
detailed soil information. The New Mexico, North Carolina, Pennsylvania,
and Sonnen-Evensen-Morgan models all require knowledge of the production
function relating yield to water. The other models assume yield is fixed
per acre. Nearly all these models would require considerable expertise
in their development and an ongoing data collection process to keep them
current,

The Lowry-Johnson model requires the least amount of data, followed
by the Kansas model. A1l that is needed for the former is effective heat

in thousands-of-day degrees, while the latter model requires dollar value
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projections for the various sectors and some notion of the amount of water
used per dollar of gross output. Both of these models would be severely
1imited under changing economic and/or physical conditions. That is,
sudden or quick changes in the economy or in the natural climatic system
would cause these models to give predictions with a large standard error.
Only the Pennsylvania model attempted to deal with stochastic processes.
This is a shortcoming of all the models examined in this group.

As with the previous categories, major data base sources again include
the agricultural experiment stations, the weather service, Soil Conservation
Service, and the Crop and Livestock Reporting Service. Several more aggre-
gate types of data are generally needed at this level of aggregation.

The Utah model was the most all-encompassing in terms of dealing with
the socio-economic and climatic/soil/crop factors. Yield-water relation-
ships were not incorporated into the model. The North Carolina model on
the other hand, had a great deal of detail incorporated into the soil water
balance estimated model, as did the Pennsylvania model. The Sonnen-Evensen-
Morgan mode]l included virtually none of these elements. A1T the crop and
climatic features have to enter through the constant term and/or the out-
door conservation factor within the equation. It is not at all clear how
these constants are related to the climatic/soil/crop features.

A users manual has been developed only for the Sonnen-Evensen model.
The computer program is documented in a general sense, with major features
specified.

River basin-regjonal-national models

A major model represented here is the national linear programming
mode] developed at Iowa State, called the CARD model (Table 10), and the

Ruttan model. The latter is an econometric, regression model using county
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data and estimating the demand for irrigated land at regional Tevels.

Both models give estimates of the irrigation demand for water at Targer
aggregates. The models allow some prediction of the effect of change in
agricultural output on the amount of irrigation water used. The CARD model
is much more extensive than the Ruttan model and requires considerably more
input to its operation. Both water supply and market regions are considered
explicitly in the CARD model (Table 10). Detailed cost and budget informa-
tion are developed and necessary for the CARD model. This is also true for
the Ruttan model. Overall, the CARD model is more appropriate for examin-
ing the national demand by regions. As has been argued elsewhere, the
Ruttan model has been fraught with difficulties due to statistical problems
which in turn are due to inadequate data (see Lynne, 1978). Input data are
much less for the Ruttan model, however, and are considerably easier to
generate. As a result, the Ruttan model is much tess costly to develop

and maintain. Climatic/soil/crop factors are not included in the Ruttan
model. Some of these elements are incorporated in the CARD model through
the fact that several of the potential evapotranmspiration-consumptive use
formulas (such as the Blaney-Criddle equation) were used to determine water
requirements in different regions of the nation,

The general features-of the CARD model are documented (Nicol and
Heady, 1975). Any use of this model would have to be coordinated through
the Center for Agricultural and Rural Development (CARD) at Iowa State
University in Ames, Iowa. The Ruttan model is documented in the early

book (Ruttan, 1965).
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